Interactions between neural oscillations in the mammalian brain have been observed in many structures 2 including the hippocampus, entorhinal cortex, amygdala, motor cortex and basal ganglia nuclei. The 3 interactions may be labeled co-modulation, cross-frequency-coupling, entrainment, phase 4 synchronization, or a host of other names. In this study, one popular approach for quantifying oscillation 5 interactions was considered: phase-amplitude-coupling maps. The goals of the study were to use 6 simulations to examine the potential causes of elevated phase-amplitude coupling in extracellular 7 recordings from parkinsonian mammals, to compare phase-amplitude coupling from the simulated 8 signals with local field potentials recorded in primates and rodents, to investigate possible relationships 9 between increased bursting in parkinsonian single cells and elevated phase-amplitude-coupling, and to 10 uncover potential noise and artifact effects that might negatively impact the usefulness of this measure. 11
Introduction 29
Since the early 1900s, rhythmic oscillations have been observed in EEGs (Berger, 1931) . The oscillations 30
were lumped into different frequency bands and each band was characterized by the type of behavior 31 that coincided with the brain rhythms in that band (Pfurtscheller, 1977) . Eventually looking at the 32 power in each band became common practice for classifying segments of steady state brain activity such 33 as depth of anesthesia, sleep stages, and stress levels (Lewis, 2012; Clemens, 2009; Wolf, 1988) . 34
Measures of power in frequency bands provide some limited and widely accepted information about 35 brain activity and health. However, measures that quantify non-stationary oscillations and multiple 36 interacting oscillations (Cannon and McCarthy et. al, 2014 ) may reveal greater information, although 37 they are not currently well understood. 38 popular, perhaps because it is straightforward to calculate and is available in several spectral analysis 45
packages. 46
Recently, PAC measures have been shown to correlate with certain types of brain activities and 47 distribution. The current injections were repeated after a burst cycle time period (referred to as the 91 interburst period; also drawn from a normal distribution). The burst cycles were repeated until the 92 desired epoch length was reached (>10 seconds). The means for the burst duration and interburst 93 period were specified by the user. 94
The individual neuron bursting patterns were combined with a user-specified degree of synchronization 95 to produce a composite signal (see below for synchronization calculation). The composite signals were 96 low-pass-filtered and sampled with the same filter (< 500 Hz) and sampling rate (1000 Hz) used for the 97 analysis of the primate and rodent recordings. 98
Simulated neuron firing calculation 99
The following neural firing equations with spike-rate adaptation (sra) from Dayan and Abbott's 100
Theoretical Neuroscience text were used to calculate each neuron's membrane potential, current, and 101 spike firing (Dayan and Abbott, 2001 ). In order to produce periodic bursting, for each neuron a fixed (from 3 picoamps (pA) 114 to 14 pA) was applied at 1 ms intervals throughout the burst duration at the beginning 115 of each burst cycle. 116
117
When the membrane voltage, V, exceeded the threshold voltage, V T , the neuron produced a spike, r m g sra 118 was incremented by r m Δg sra , and the potential was reset to V reset . 119
Synchronization calculation 120
The synchronization parameter used to quantify the degree of cell firing alignment was calculated as 121 follows. Currents were calculated for each neuron in the population using the specified input current 122 and burst parameters. For this study, all neurons in a particular population had the same mean 123 interburst rate, mean burst duration, and input current. De-synchronization was modeled by delaying 124 sub-populations of the neurons by user-selected mean offsets ("synchronization offset"; must be < 125 this study and generally correlated with increasing PAC (see Figure 2k ), the measure is not a precisecalculation of synchronization. For large numbers of neurons with complex dynamics, coherence 135 between neurons or other measures should be used to evaluate the degree of synchronization. 136
Forming the LFP 137
The single cell currents were summed to form the LFP using the point current source model (Koch and  138 Segev, 1998; Bedard, Kroger, and Destexhe, 2004). 139
where σ is the electrical conductivity of the extracellular medium, r is the location of the measured LFP, 140 and r j is the location of the j th single cell. For this study, the electrical conductivity was assumed to be a 141 constant, non-frequency dependent 0.35 S/m and each neuron was assumed to be located 500 μm from 142 the recording electrode. The output of the model was low-pass filtered (< 500 Hz), sampled at 1000 Hz 143 and then input to the cross-frequency-coupling analysis software where the PAC was calculated as 144 described in the following section. 145
Calculation of phase-amplitude-coupling and power measures 146
All signals were band-pass filtered between 3 Hz and 500 Hz, then downsampled to 1000 Hz. Power 147 spectral densities (psd) were calculated with the standard MATLAB Welch spectrogram. A 60 Hz FIRLS 148 filter (MATLAB filtfilt) with a bandwidth of 4 was applied to the parkinsonian animal data to remove 149 residual line noise prior to psd and PAC calculations.then quantified by calculating the average of the amplitudes in each sub-band from 50-300 Hz that cooccurred with the phase in each sub-band from 3-50 Hz. The MI measure was used to assign a single 155 value to the degree of coupling by comparing the phase-amplitude quantification curve to a uniform 156 distribution (the expected distribution is uniform if no coupling is present). 157
Addition of symmetric periodic artifact 158
Four symmetric periodic artifacts with 1 ms pulse widths were tested to evaluate the effects of periodic 159 signals on the PAC map. In the first two experiments, a 20 μA, 143 Hz symmetric pulsed current and a 20 160 μA, 125 Hz symmetric pulsed current were added to simulated bursting currents. In the third 161 experiment, a 250 Hz pulsed signal was added to an LFP recorded from a parkinsonian primate. The 162 magnitude of the pulsed signal was set equal to 1 standard deviation of the magnitude distribution from 163 the primate LFP (zscore = 1). In the fourth experiment, a 100 Hz pulsed signal was added to an LFP 164 recorded from a mouse with parkinsonism. The pulsed signal magnitude was set to ¼ of the standard 165 deviation of the mouse LFP magnitude distribution. In order to examine the feasibility of recovering the 166 masked PAC by filtering out the stimulus frequency, notch filters were applied at the stimulus frequency 167 (100 Hz) and its next higher harmonic (200 Hz) for the fourth example. The procedures used to record 168 the experimental data are described in the following sections. 169
Experimental procedures 170
All experimental procedures were conducted in accordance with the Guide for the Care The Rhesus monkeys (Macaca mulatta, 4-5 kg) that were used for these studies were housed under 181 conditions of environmentally controlled protected contact housing, with free access to standard 182 primate chow, water, and supplemental fruit and vegetables. Prior to the recording sessions, the 183 animals were adapted to the laboratory environment, and trained to sit in a primate chair and permit 184 handling by the experimenter. 185
Male C57BL/6J mice (Jackson Labs) were housed with free access to chow and water in environmentally 186 controlled conditions with a reversed 12 hour light/dark cycle (lights on at 7 pm). Mice were handled 187 daily for one week prior to surgery and habituated to the arena used for freely moving recording in the 188 study. Video was recorded for the purpose of baseline movement assessment. 189
Surgical procedures 190
Monkeys underwent aseptic surgery under isoflurane anesthesia (1-3%) during which they were 191 implanted with EEG recording electrodes above primary motor cortex (M1) and two stainless steel 192 recording chambers above the subthalamic nucleus (STN) as described in detail in Devergnas et al., 193 2014. 194 Mice were anesthetized with isoflurane (3% for initial sedation, then 1.5-2.0% delivered via nose cone 195 throughout surgery), administered subcutaneous (s.c.) buprenorphine (0.1 mg/kg), and placed in a 196 stereotaxic frame. Opthalmic ointment was applied to prevent corneal dehydration and a heating padwas used to maintain body temperature at 37° C. Anesthesia levels were adjusted as needed to ensureongoing deep anesthesia (assessed by visual monitoring and toe pinches). An incision was made to 199 allow 0.9 mm diameter craniotomies above the medial forebrain bundle, M1, and STN. 1 µl of 6-OHDA 200 was injected in the medial forebrain bundle (-1.2 AP, -1.2 ML, -4.75 DV) using the procedure described in 201 
Limitations of the Methods 228
As with any synthetic or simulated data, differences may exist between experimental recordings and the 229 data output by the model. In particular, the use of fixed regular current application times and Gaussian 230 burst parameters will not produce all possible (and likely) bursting patterns. Gamma or other 231 distributions may provide more realistic results depending on the type and state of neurons to be 232 simulated. The use of a single incremental input current rather than separate Na, K, Ca++, and other 233 currents limits the shaping of the burst and may result in non-physiologic bursting. 234 periods generated a slow oscillation at a frequency equal to the inverse of the burst period. Thus, the 243 mean phase frequency for the resulting slow oscillation (and the region of elevated PAC) was 244 determined by the simulated interburst rate. Increasing the burst period from 40 ms to 100 ms resulted 245 in mean phase frequencies from 25 Hz down to 10 Hz (1/burst period) and shifted the PAC region to the 246 left (Figure 2e -h, and 2j) accordingly. Increased synchronization of the simulated neurons resulted in 247 increased PAC magnitude (Figure 2k) . 248
Matching the experimental data from parkinsonian animals 249
The 10 pA input current for the simulated example in Figure 3 The simulation results in this paper are the first to show that synchronized single-cell-bursting can cause 290 phase-amplitude-coupling (PAC) and that measureable characteristics of the resulting PAC are directly 291 related to the burst parameters. This suggests that population bursting characteristics may be estimated 292 from PAC, an important finding since PAC is calculated from LFPs, which are generally more 293 straightforward to record than single cell firing patterns. 294
These results are also the first to show that the presence of a periodic stimulus occurring at common 295 therapeutic stimulation frequencies and voltages/currents may reduce the apparent PAC without 296 inducing any physiological changes. This is a significant finding since PAC has become an important 297 clinical measure for Parkinson's disease and has been proposed as a feedback signal for closed-loop DBS 298 (de Hemptinne, 2015) . If the DBS stimulus artifact causes the PAC signature to be reduced without any 299 therapeutic effect, it may not be a useful measure for patients undergoing DBS treatments, much less an 300 appropriate closed-loop feedback signal. 301
However, apart from its use during stimulation, PAC may be a particularly effective analysis tool for 302 understanding neural signals because of the nature and structure of neural activity. The oscillatory 303 tendency of neural firing, the modulation of interconnected cells by their afferents and the tendency for 304 bursting to be associated with peaks or troughs of oscillating potentials in the brain are all factors that 305 result in field potentials composed of superimposed and interacting oscillations. 306
The results in this study specifically show that PAC, in addition to indicating potential modulation of oneexample, in the simulated bursting signal, increased PAC magnitude corresponded to increasedsynchronization as shown in Figure 2k . Additionally, the mean PAC phase frequency for the simulated 310 bursting was the inverse of the mean interburst period. These results suggest that PAC maps may be 311 useful for detection and characterization of bursting synchrony in measured LFPs with unknown 312 underlying signal dynamics. In future work, it will be of interest to see if different types of physiological 313 bursting such as T type calcium channel bursts, hippocampal bursts, and pathological bursting in 314 neurological diseases can be characterized and detected using PAC measures. 315
Of course, if single unit spiking data from individual neurons is available, the type of bursting present in 316 the neurons can be determined directly. However, in chronic electrode implants, single units can be 317 difficult to record from reliably, so an additional measure of bursting from local field potential signals 318 would likely be beneficial. Additionally, since single unit spike data may be recorded from only a few 319 local units, these burst measures may not reflect the nature of the population bursting as well as 320 bursting measures such as PAC that are calculated from local field potentials. 321
The dramatic masking effects that may occur due to the addition of symmetric periodic signals must be 322 considered when interpreting electrophysiological effects of neuromodulation, such as deep brain 323 stimulation, since the presence of a small periodic stimulus artifact may reduce the apparent PAC 324 without inducing any physiological changes. The shorter pulsewidth of typical DBS (< 100 μs) may lessen 325 the effect shown in the simulation (1 ms pulsewidth). However, it is feasible that the typical 4 V DBS 326 signal could induce a 20 μA current, even with a very small pulsewidth. For this reason, PAC measures 327 may not be practical for closed-loop neuromodulation unless complete isolation from the stimulus 328 artifact can be ensured. Note that, since stimulus or other symmetric periodic artifacts may be difficult 329 to observe in PAC maps, inspection of the psd to assist in identifying potential problematic frequencyof spectral results between users caused by wide variety of filtering and smoothing processes that may 333 be applied to the raw signal. Clearly these factors can have a large effect on the resulting power and PAC 334 measures and can induce artifacts and falsely elevate or mask aspects of a signal. Because of the 335 potential for false and variable results in PAC analysis, caution should be exercised in interpreting results 336 and signal processing experts should be involved in the analysis and review of results. Also, continued 337 conversations regarding best methods and data sharing will be important to ensure that PAC results in 338 the literature are sound and can be replicated. 339
The simulation in this study provides evidence that observed PAC may be related to synchronized 340 bursting in local field potentials. The simulation does not give insight into the physiological factors that 341 might be behind the synchronized bursting. However, the PAC measures related to the interburst and 342 intraburst rates and the degree of synchronization in the bursting may provide a useful starting point for 343
further exploration with more detailed models (e.g., Rubin and Terman, 2004 ) that consider a full range 344 of ionic currents, along with afferent and efferent projections, receptor densities, and other cellular and 345 molecular properties. 346
Conclusions 347
The simulation and experimental results in this paper are the first to show that 1) synchronized single-348 cell-bursting can cause physiologically realistic phase-amplitude-coupling (PAC), and 2) the presence of a 349 periodic stimulus occurring at common therapeutic stimulation settings may reduce apparent PAC 350 without inducing any therapeutic benefits. Specifically, phase-amplitude coupling patterns similar to 351 those measured in recorded data from parkinsonian primates and mice were successfully simulated by 352 summing currents from synchronized bursting neurons. Changes in the simulated intraburst and 353 interburst rates and in the degree of synchronization were shown to predictably impact the PAC map,suggesting that, in some cases, underlying spiking activity may be characterized from LFP PAC maps. 355
Finally, the results suggest that caution is advised when interpreting PAC maps for neuromodulation 356 applications such as closed-loop DBS since a small symmetric periodic pulse can create a wide null in the 357 PAC heat map, potentially masking evidence of oscillatory interactions thus giving the false impression 358 that a physiologic change has occurred. 359
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